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A benign Newcastle disease virus (NDV) recently became highly virulent during replication in domestic chickens. It is still
unclear whether NDVs circulating among wild waterfowl also have the potential to become highly pathogenic (velogenic) in
chickens. To demonstrate experimentally the generation of velogenic NDV from a nonpathogenic waterfowl isolate, we
passaged an avirulent goose isolate in chickens. After nine consecutive passages by air-sac inoculation, followed by five
passages in chick brain, the virus became highly virulent in chickens, producing a 100% mortality rate, and demonstrating
typical velogenic properties in pathogenicity tests. Sequence analysis at the fusion protein cleavage site showed that the
original isolate contained the typical avirulent type sequence, E-R-Q-E-R/L, which progressed incrementally to a typical
virulent type, K-R-Q-K-R/F, during repeated passage in chickens. These results demonstrate that avirulent viruses, maintained
in wild waterfowl in nature and bearing the consensus avirulent type sequence, have the potential to become velogenic after
transmission to and circulation in chicken populations. The results also suggest that chickens provide a mechanism for the© 200
vage.INTRODUCTION
Newcastle disease is one of the most serious infec-
tious diseases of poultry (Alexander, 2000). The caus-
ative agent, Newcastle disease virus (NDV), is a member
of the family Paramyxoviridae and has been placed in the
genus Rubulavirus in the subfamily Paramyxovirinae
(Rima et al., 1995). The envelopes of rubulaviruses con-
tain two functional surface glycoproteins, hemagglutinin-
neuraminidase (HN) and fusion (F) proteins. The HN
glycoprotein is responsible for virus attachment to host
cell-surface receptors (Scheid et al., 1972). The F glyco-
protein mediates fusion of viral and cellular membranes,
resulting in penetration of the virus particle into the cell.
It is synthesized as a fusion-inactive precursor (F0) and
must be cleaved into F1 and F2 by host proteases to
become fusion-active (Scheid and Choppin, 1974).
The F proteins of virulent viruses are cleaved in cul-
tured cells and do not require an exogenous protease for
multiple cycles of replication (Nagai et al., 1976). Such
proteins differ from those of avirulent viruses by virtue of
possessing a pair of dibasic amino acids at the carboxyl
(C) terminus of F2 (Collins et al., 1993). This structural
feature permits cellular proteases, such as the ubiqui-© 2002 Elsevier Science (USA)
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206tous furin and PC6 (Gotoh et al., 1992; Sakaguchi et al.,
1994), which recognize multiple basic amino acids, to
cleave the F protein and render the virus infectious and
able to spread to a variety of organs, leading to fatal
systemic infection (Nagai et al., 1979). By contrast, avir-
ulent virus F proteins do not possess a pair of dibasic
amino acids at the cleavage site and are cleaved only by
trypsin-like proteases, which are presumably secreted
from cells in the respiratory or intestinal tract, or both, so
that these viruses only produce localized infections, re-
sulting in mild or asymptomatic infections. Therefore, the
F glycoprotein plays a central role in viral pathogenicity
(Nagai, 1993; Rott, 1979).
There are a variety of NDV strains that differ in their
pathogenicity for chickens as follows: velogenic (acute,
lethal infection of chickens of all ages), mesogenic (less
pathogenic, only lethal in young birds), and lentogenic
(mild or inapparent infections) forms of the disease (Al-
exander and Allan, 1974). NDVs have been isolated from
a variety of species of wild, domestic, and caged birds
around the world (Kaleta and Baldauf, 1988). Most of the
strains isolated from wild birds, waterfowl especially, are
lentogenic and do not produce overt disease.
In Ireland in 1990, there were two outbreaks of New-
castle disease in poultry (Alexander et al., 1992). Theselection of virulent viruses from an avirulent background.
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viruses isolated were velogenic and very similar anti-
genically and genetically to avirulent viruses normally
isolated from feral waterfowl (Collins et al., 1998). More-
over, the genetic distinctiveness of this group of viruses
compared to all other NDVs suggested that the velogenic
viruses arising from avirulent ones originated from wild
birds (Collins et al., 1993). Genetic analysis of the viruses
isolated during the outbreaks of 1998–2000 in Australia
supported this hypothesis (Gould et al., 2001). Despite
this progress, the concept that benign viruses carried by
wild birds can acquire high virulence by mutation still
requires direct support. It also is not clear whether the
acquisition of virulence takes place in feral bird popula-
tions, with subsequent introduction of the virulent mutant
into poultry, or whether an avirulent virus is transmitted
directly to chickens and then becomes virulent.
To determine whether an avirulent virus in waterfowl
has the potential to become highly pathogenic, and
whether chickens possess a mechanism to select viru-
lent viruses from avirulent virus populations, we pas-
saged a benign waterfowl NDV isolate in chickens and
analyzed the viruses of each passage for virulence and
molecular changes that would account for the acquisi-
tion of pathogenic traits.
RESULTS
Passage of an avirulent waterfowl NDV in chickens
To determine whether avirulent viruses maintained in
wild birds can become highly virulent, we passaged
Goose/Alaska/415/91, isolated during surveillance of
NDVs in wild waterfowl (Takakuwa et al., 1998), in chick-
ens. Both the ICPI and the IVPI measurements for this
virus were 0.00, indicating its lack of pathogenicity in
chickens (Takakuwa et al., 1998). The original isolate and
a virus passaged five times through air sacs (5a) pro-
duced no clinical signs of infection or mortality after
inoculation into chickens. The 8a isolate (passaged eight
times through air sac) did induce clinical signs of illness,
such as mouth breathing and lethargy. Virus obtained
after nine passages (9a) was then passaged five times in
the brains of chicks, resulting in five brain-passage iso-
lates (9a1b–9a5b), the last of which produced 100% mor-
tality within 48 h postinfection. These findings demon-
strate that avirulent NDVs in wild waterfowl have the
potential to become pathogenic after repeated passage
in chickens.
Pathogenicity of viruses at different passages in
chickens
To determine the virulence of the viruses at different
passage steps, we performed pathogenicity tests on the
original isolate as well as the 5a, 8a, 9a, 9a1b, 9a3b, and
9a5b isolates of NDV Goose/AK/415/91. The original virus
lacked pathogenicity; that is, the MDT, ICPI, and IVPI
were 120, 0, and 0 h, respectively (Table 1). During
passage of the virus via air sacs, the pathogenicity value
increased, reaching MDT, ICPI, and IVPI values of 82, 1.2,
and 1.6 h, respectively, for the 9a isolate. After five con-
secutive passages in the brain of chicks, the MDT, ICPI,
IVPI value for the 9a5b isolate were 56, 1.88, and 2.67 h,
respectively, typical of velogenic NDVs (Alexander, 1997).
Change of tissue tropism of viruses during passage
in chickens
To determine whether the change in virulence of the
virus is associated with an alteration(s) in tissue tropism,
we investigated virus titers in the organs of chickens at
3 days postinfection (Table 2). The original virus was not
recovered from any organ infected through the oral, na-
sal, or intramuscular route. When inoculated intrave-
nously, the virus was isolated from kidney and liver. The
9a isolate, inoculated intravenously or intramuscularly,
was recovered from all organs except brain, while virus
replication was limited in animals infected intranasally
and especially orally. By contrast, 9a1b and 9a5b viruses
were recovered from almost all organs, including brain,
from chickens infected by either of the four different
routes. These results indicated that tissue tropism of the
virus gradually expanded during passage, finally becom-
ing pantropic, another characteristics of velogenic vi-
ruses (Nagai et al., 1979).
Alteration of F cleavability
Since the plaque-forming ability of NDV is correlated
with its virulence (Nagai et al., 1976), we compared this
property among isolates obtained during chicken pas-
sage. The original isolate and the 5a and 8a viruses did
not form plaques in the absence of trypsin in MDBK cells,
but did so in the presence of trypsin (Table 3). By con-
trast, 9a1b, 9a3b, and 9a5b viruses formed plaques at the
TABLE 1
Pathogenicity of Viruses Passaged in Chickensa
Virus (Pathotype) MDTb ICPIc IVPId
Original 120 0 0
5a 104 0 0.10
8a 88 0.04 0.17
9a 82 1.20 1.60
9a1b 75 1.27 1.70
9a3b 72 1.75 1.88
9a5b 56 1.88 2.67
Ulster (Lentogenice) 120 0 0
Komarov (Mesogenic) 100 1.40 0
Herts (Velogenic) 57 1.80 2.70
a Pathogenicity of viruses was tested as described under Materials
and Methods.
b Mean death time (h) for chicken embryos infected with a single
minimal lethal dose of virus.
c Intracerebral pathogenicity index in 1-day-old chicks.
d Intravenous pathogenicity index in 6-week-old chickens.
e See text for definitions of pathogenicity categories.
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same efficiency, with or without trypsin. The 9a virus
formed pinpoint plaques without trypsin, and its plaque-
forming efficiency was slightly lower than that in the
presence of trypsin.
Since plaque-forming ability in the absence of trypsin
is correlated with F cleavability, we next examined this
property among the passaged viruses in MDBK cells.
The F proteins of the original, 5a, and 8a viruses were not
cleaved in the absence of trypsin, whereas those of the
9a1b–9a5b viruses were cleaved into F1 and F2 subunits
(Fig. 1), supporting the previous notion that the degree of
F cleavability of the viruses correlates with virulence in
chickens. The 9a virus F protein was cleaved only par-
tially, in accord with its intermediate properties in other
tests.
Sequence analysis of the F gene cleavage site
Genetic analyses of NDVs have demonstrated a rela-
tionship between the amino acid sequence at the F
protein cleavage site and virulence (Nagai, 1993). Thus,
we determined the F cleavage site sequence of viruses
obtained during chicken passage (Table 4). The results
demonstrated that the original virus had a cleavage site
sequence typical avirulent NDVs, E-R-Q-E-R/L. At the 8th
passage, an A-to-G substitution at nucleotide 390, result-
ing in a Glu-to-Gly change at position 115, became ap-
parent, although this mutation was not maintained in the
TABLE 2
Tissue Tropism of Viruses Passaged in Chickens
Virus
Inoculation
route
Virus titer (log10EID50/g)
a
Trachea Lung Kidney Liver Spleen Pancreas Brain
Original Oral —b — — — — — —
Nasal — — — — — — —
Venous — — 3.2 3.4 — — —
Muscular — — — — — — —
9a Oral 3.7 — — — — — —
Nasal 3.7 4.2 — — 5.3 — —
Venous 4.8 5.2 4.6 3.5 5.2 4.6 —
Muscular 6.7 5.3 5.3 3.3 4.4 6.7 —
9a1b Oral 4.5 3.6 3.5 2.0 4.2 2.8 —
Nasal 4.3 3.5 3.5 — 2.8 2.7 2.0
Venous 4.0 4.7 4.8 2.4 3.8 3.5 2.3
Muscular 4.2 5.5 4.8 4.2 4.2 3.5 2.0
9a5b Oral 5.3 5.7 4.8 2.7 4.6 3.6 2.5
Nasal 4.8 4.8 4.3 2.3 3.5 3.5 2.5
Venous 4.4 5.3 6.2 3.4 4.7 3.4 3.7
Muscular 4.3 4.5 6.5 5.3 4.8 3.5 4.2
a Organs were collected 3 days postinoculation from three chickens infected with each virus (107–108 EID50/ml in 100 l), pooled, and homogenated
for virus titration.
b Dashes indicate no virus isolation.
TABLE 3
Plaque Formation by Viruses Passaged in Chickens
Virus
Virus titersa (PFU/ml)
With trypsin Without trypsin
Original 3.3 106 0
5a 2.4 106 0
8a 7.5 106 0
9a 1.1 107 7.2 106
9a1b 3.4 107 7.2 106
9a3b 4.6 107 4.5 107
9a5b 5.8 107 5.5 107
a Virus titers were determined by counting the number of plaques
formed in MDBK cells.
FIG. 1. Comparison of F cleavability among viruses passaged in
chickens. MDBK cells were infected with viruses and incubated in the
absence (A) or presence (B) of trypsin (2.5 g/ml). Cells were then
processed for RIP assay as described under Materials and Methods.
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subsequently isolated viruses. After nine passages in air
sacs, two point mutations (both G to A) at nucleotides
380 and 392 were introduced in the F gene, resulting in
Glu-to-Lys amino acid substitutions at both positions 112
and 115 of the cleavage site, which generated a pair of
dibasic amino acids, K-R-Q-K-R/L, at the F cleavage site.
A single additional passage in brain gave rise to a point
mutation at nucleotide 397, from G to T, resulting in an
alteration at 117, from Leu to Phe. The Phe residue is
conserved in the amino-terminus of F1 in all velogenic
viruses (Collins et al., 1993; Toyoda et al., 1987). These
findings clearly show that highly pathogenic NDVs can
emerge from sequential changes at the F cleavage site
during serial passages in chickens.
DISCUSSION
In the present study, we generated a velogenic mutant
of NDV, by passaging an avirulent isolate from wild
waterfowl, in chickens. The original waterfowl isolate
replicated poorly in chickens, but showed more efficient
growth during subsequent passages in air sacs (Table
2). Thus, the present study experimentally demonstrated
that outbreaks by highly pathogenic NDVs can occur by
the introduction of benign viruses into poultry followed
by repeated passage in these bird populations.
Takakuwa et al. (1998) isolated several NDV strains
containing the virulent type F cleavage site sequence
from migratory waterfowl. Although these isolates were
avirulent in chickens, this article suggests that poten-
tially virulent strains of NDV are maintained in migrating
waterfowl populations in nature. By contrast, the current
finding demonstrates that even avirulent wild waterfowl
viruses, possessing the typical avirulent F cleavage site
sequence, have the potential to become velogenic after
being transmitted to chicken populations. Pigeon iso-
lates (Alexander and Parsons, 1986) and a quail isolate
(Islam et al., 1994) acquired high virulence after passag-
ing in chickens, although they were already highly patho-
genic in the original hosts. Recently, we also passaged
an avirulent influenza A isolate from wild waterfowl in
chickens (Ito et al., 2001). After 24 consecutive passages
through air sacs, followed by five passages in chick
brain, the avirulent virus became highly pathogenic in
chickens. These findings, together with the present re-
sults, suggest that among avian myxoviruses, a common
mechanism in chickens can select highly pathogenic
derivatives from nonpathogenic precursors.
Velogenic NDV with cleavable F can replicate in al-
most all organs, including chick brain (Nagai et al., 1979).
The 9a isolate (passaged nine times in air sacs) was
recovered from all organs except brain, when inoculated
intravenously or intramuscularly, and did not kill chick-
ens. After subsequent brain passages, the virus acquired
the ability to replicate in brain. These findings suggest
that the brain is a critical organ in determining the patho-
genicity of NDV. Obviously, viral passage in chicken brain
does not occur in nature; however, viruses with low
pathogenicity can cause viremia in physically compro-
mised chickens. Viruses that grow efficiently in localized
sites in poultry, such as the respiratory and intestinal
tracts, may occasionally spread to the brain and become
virulent upon subsequent replication. Yet, we do not
know whether continued air-sac passage of the 9a virus
could also result in the generation of highly virulent
viruses. Further studies are necessary to clarify this
issue.
All naturally isolated velogenic viruses have Phe at the
N-terminus of their F1 protein, while avirulent viruses
have Leu (Collins et al., 1993; Toyoda et al., 1987). The F
cleavage site of the 9a virus, which has an intermediate
virulence phenotype, is identical to that of the highly
virulent 9a1b virus at the C-terminus of the F2 protein, but
differs at the N-terminus of F1 by virtue of having Leu
instead of Phe (Table 4). Morrison et al. (1993) demon-
strated that without a change in the sequence upstream
of the cleavage site, a Phe-to-Leu at N-terminus of the F1
subunit in a virulent virus blocks cleavage by an intra-
cellular protease, a result consistent with one of our
findings that the 9a virus F protein was only partially
cleaved in the absence of trypsin (Fig. 1). A similar study
with a virulent avian influenza virus HA (Horimoto and
Kawaoka, 1995) demonstrated that the residue immedi-
ately downstream of the cleavage site (thus equivalent to
the NDV F1 N-terminal residue) is critical for its proteol-
ysis by ubiquitous furin and PC6 protease, both of which
are responsible for the cleavage of the virulent NDV F
protein (Sakaguchi et al., 1994) and the influenza virus
HA (Horimoto et al., 1994). These results suggest an
intriguing hypothesis: chickens (in organs other than
brain) harbor a protease different from furin and PC6 that
recognizes a pair of basic residues and activates the
NDV F protein, thus promoting viral replication in these
organs. However, for the virus to display full virulence,
the F protein needs to acquire an additional mutation at
the N-terminus of F1, from Leu to Phe, that converts F to
TABLE 4
Sequences at the F Protein Cleavage Site of Viruses
Passaged in Chickensa
Virus Nucleotide Amino acid
F24 3F1 F24 3F1
380 397 112 117
Original GAA CGG CAG GAG CGT TTG E R Q E R L
5a GAA CGG CAG GAG CGT TTG E R Q E R L
8a GAA CGG CAG GGG CGT TTG E R Q G R L
9a AAA CGG CAG AAG CGT TTG K R Q K R L
9a1b AAA CGG CAG AAG CGT TTT K R Q K R F
9a5b AAA CGG CAG AAG CGT TTT K R Q K R F
a Numbers indicate nucleotide and amino acid residues.
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a form susceptible to ubiquitous furin and PC6 pro-
teases.
Although we have focused on the contribution of F
cleavage site mutations to the acquisition of virulence,
the data clearly indicate that other mutations may be
involved. That is, the pathogenicity indices gradually in-
creased during brain passages (Table 1), despite the
lack of mutations that affected F cleavage (Table 4). It is
difficult to speculate on mechanisms that produce such
changes, and why several passages are necessary be-
fore viruses acquire increased pathogenicity in chickens.
These issues could be resolved by comparative genetic
analyses of the mutants subsequently obtained in the
present study.
These results have important implications for the use
of live virus vaccines, suggesting that virulent strains
could emerge from the vaccine viruses. To date, how-
ever, there have been no cases in which highly virulent
viruses were shown to be generated from lentogenic live
vaccine viruses. In our study, only one of three waterfowl
isolates became virulent. The other two isolates could
not be passaged in chickens (data not shown), suggest-
ing that the potential to acquire high virulence may vary
among NDVs. Thus, we recommend that new NDV live-
vaccine strains be carefully selected to prevent their
conversion to highly virulent strains.
MATERIALS AND METHODS
Virus and virus passages
Goose/Alaska/415/91 was isolated from wild water-
fowl that had migrated to Alaska (Takakuwa et al., 1998).
The virus was passaged in the brains of chicks five times
after nine serial passages through the air sacs of chicks,
as follows. The caudal thoracic air sacs of three 3-day-
old chicks were inoculated with 0.2 ml of allantoic fluid
containing a 107.2 50% egg infectious dose (EID50) of virus.
The chicks were sacrificed 4 days postinfection and
respiratory organs (lungs and trachea) were collected.
Serial air-sac passages in a group of 3-day-old chicks
(three birds per passage) were performed with 0.2 ml of
pooled 10% tissue suspensions of infected organs (lung
and trachea) every 4 days. Intracerebral serial passages
were done with 0.1 ml brain tissue suspensions and
1-day-old chicks. Viral isolates were identified by pas-
sage number and the organ through which the virus was
passaged. For example, 9a5b indicates that the virus
was passaged nine times in the air sac and five times in
brain. Viruses were propagated in the allantoic cavities
of 10-day-old embryonated chicken eggs for 48 h at
35°C. The allantoic fluid was harvested and stored at
80°C.
Pathogenicity tests
The mean death time (MDT in hours) of chick embryos
at the minimum lethal dose, the intracerebral pathoge-
nicity index (ICPI) in 1-day-old chicks, and the intrave-
nous pathogenicity index (IVPI) in 6-week-old chickens
were measured to assess the virulence of each NDV
strain (Allan et al., 1987).
Plaque assay
Plaque assays were performed with Madin–Darby bo-
vine kidney (MDBK) cells (Nagai et al., 1976), which were
grown in Eagle’s minimum essential medium (EMEM)
with 10% calf serum, L-glutamine, and antibiotics. After 1
h absorption of virus, the inoculum was removed and the
cells were then overlaid with EMEM containing 1%
Bacto-Agar (Difco) in the absence or presence of trypsin
(2.5 g/ml). After incubation at 37°C for 2 days in a 5%
CO2 atmosphere, cells were overlaid again with EMEM
containing 1% Bacto-Agar and 0.005% neutral red, fol-
lowed by plaque count.
Tissue tropism of viruses passaged in chickens
Four- to 6-week-old white leghorn chickens were in-
oculated orally, intranasally, intravenously, or intramus-
cularly with 100 l of virus (107–108 EID50/ml). Organs
were collected from three chickens at 3 days postinfec-
tion, and virus titers in these tissues were determined,
using eggs as growth media.
Immunoprecipitation assay
Viruses were inoculated into MDBK cells kept for 3 h
in Hank’s solution lacking glucose and then incubated in
the presence of [3H]glucosamine–HCl (25 Ci/ml, NEN
Life Science Products) with or without trypsin for 15 h.
The infected cells were lysed for radioimmunoprecipita-
tion analysis using anti-F monoclonal antibodies (314/2),
as described earlier (Abenes et al., 1986).
Sequencing of F gene cleavage site
Viral RNA was isolated from allantoic fluid containing
virus with the QIAamp Viral RNA Mini Kit (Qiagen) ac-
cording to the manufacturer’s protocol, and cDNA was
synthesized with use of reverse transcriptase and ran-
dom hexamers, as described earlier (Takakuwa et al.,
1998). Direct sequencing by the polymerase chain reac-
tion (PCR) was done with an autosequencer (GeneRapid,
Amersham Pharmacia Biotech) according to the manu-
facturer’s protocol. Oligonucleotides with the following
sequences were used as primers: forward primer (F167)
5-CCC AGA CAG GRT CAA TCA TAG T- 3 or (F214)
5-GAC AAA GAG CAA TGT GCT AAG AGC C-3 and
reverse primer (FR558) 5-ATT AAC AAA CTG CTG CAT
CTT CCC-3.
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